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ABSTRACT 

An examina t ion  o f  t h e  hardware and s o f t w a r e  changes  
t h a t  would b e  n e c e s s a r y  t o  enable  a LM l a n d i n g  a t  s c i e n c e  s i t e s  
has r e s u l t e d  i n  a n  a t t e m p t  t o  i d e n t i f y  t h e  r e q u i r e m e n t s  on t h e  
LM t h a t  would be a s s o c i a t e d  w i t h  such  a m i s s i o n .  

The l a n d i n g  accuracy  must b e  improved t o  1 , 0 0 0  f t  
r a d i u s  30.  The AV budge t  must b e  d e c r e a s e d  t o  a l l o w  a n  i n c r e a s e  
i n  p a y l o a d  d e l i v e r y .  The gu idance  s y s t e m  must be a b l e  t o  f l y  
t h e  LM o v e r  e x t r e m e l y  rough t e r r a i n  and s t i l l  e n a b l e  t h e  a s t r o n a u t s  
t o  l a n d  s a f e l y  and a c c u r a t e l y .  

CSM a s s i s t a n c e  i n  Hohmann t r a n s f e r  and i n  r endezvous  
w i l l  be n e c e s s a r y  due t o  t h e  a d d i t i o n a l  we igh t  o f  t h e  LM. T h i s  
w i l l  a f f e c t  t h e  c a p a b i l i t y  of t h e  CSM t o  do o r b i t a l  e x p e r i m e n t s .  

The work p r e s e n t e d  here  i s  a t  b e s t  i n c o m p l e t e .  
F u r t h e r  work i s  n e c e s s a r y  on t h e  d e f i n i t i o n  o f  “ s c i e n c e  m i s s i o n s ” ,  
mapping o f  approach  t e r r a i n s  t o  s c i e n c e  s i t e s ,  and mapping o f  
t h e  s i t e s  t h e m s e l v e s .  Only t h e n  can t h e  r e q u i r e m e n t s  on t h e  LM 
be b e t t e r  i d e n t i f i e d .  
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INTRODUCTION 

LM Isy?d?ng sts s c i e n c e  sites F r e s e n t s  p rcb lemc ,  
which require definition. It is obvious that the landing 
must be more accurate than in the Apollo landing, that 
larger payloads must be delivered, and that the approach 
terrain cannot be selected for smoothness. However, no 
attempt has been made to define quantitatively the required 
improvements in the guidance and control system. 

An attempt to define the necessary improvements is 
made in this memorandum. The basic assumption is that the 
LM must be able to land at sites selected by scientists for 
their scientific interest, and after landing, the astronaut 
should be able to perform those tasks which the scientists 
deem minimal for a successful site exploration. 

Another basic assumption is that nowhere should the 
safety of the astronauts be jeopardized. The "dead man's curve" 
should not be crossed earlier than it is in an Apollo mission. 
The astronauts should not fly an LFU to a distance from which 
they could not walk back unless another LFU is fueled and can 
be used for rescue. 

In any LFU sortie plan the last sortie will not have 
a back-up for rescue purposes. Thus, the last LFU sortie will 
have to be restricted to "walk back" range, i.e., to features 
from which the astronauts may walk back to the LM should the 
LFU fail. The range limit on such a sortie is not well defined. 
We will assume that the restriction is due to the life support 
system. Thus, the first feature visited on the last sortie can 
be as far as 3 km from the LM. Successive features must be 
nearer since by then some of the PLSS consumables will have 
been used. 
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We assume t h a t  t h e  LM a c t i v e  rendezvous  c a p a b i l i t y  
w i l l  n o t  b e  r e t a i n e d .  The a d d i t i o n a l  r i sks  i n v o l v e d  w i l l  be 
minor s i n c e  most modes of f a i l u r e  which would p r e v e n t  CSM 
a c t i v e  r endezvous  would a l s o  p r e v e n t  T r a n s  E a r t h  I n j e c t i o n .  

MISSION STAY TIME 

Documents d e s c r i b i n g  p a r t i c u l a r  m i s s i o n s  have been  
p u b l i s h e d  s t a t i n g  t h e  o b j e c t i v e s  which t h e  s c i e n t i f i c  community 
deems d e s i r a b l e .  However, t h e  p l a n n i n g  work f o r  t h e s e  m i s s i o n s  
has been  i n f l u e n c e d  and l i m i t e d  by t h e  ex tended  LM (ELM) capa-  
b i l i t y  as i t  was assumed a t  t h e  t i m e  o f  p l a n n i n g .  These docu- 

t o  t h e  d e f i n i t i o n  o f  a minimal m i s s i o n  which would j u s t i f y  t h e  
r i s k  of  e x p e n d i t u r e  b u t  ra ther  to t h e  e f f i c i e n t  u s e  o f  t h e  
assumed ELM c a p a b i l i t y .  

111e11is l e a v e  t1-12 Ix j i -esa lo i?  that .  the ..' yioil l lr l i6 - - - - ( - -  ~ o r ? :  W ~ E  gearec? >et  

I n  a s e n s e  t h i s  approach  i s  r e a s o n a b l e .  The m i s s i o n s  
t h a t  s c i e n t i s t s  would l i k e  a r e  l i m i t e d  n o t  by t h e  l a c k  of work 
t o  b e  done a t  any s i t e  b u t  r a t h e r  by t h e  l a c k  o f  t i m e ,  m o b i l i t y ,  
2nd ZCTCE~:~%C i n s t r ~ ~ ~ ! e n t s .  E'C\WPVPI-, this m ~ m n r a n d i i m  i s con- 
c e r n e d  w i t h  t h e  o p p o s i t e  p r o c e s s  o f  d e f i n i n g  t h e  ELM c a p a b i l i t y  
r e q u i r e d  t o  meet s c i e n t i f i c  o b j e c t i v e s .  It i s  recommended t h a t  
a n  ELM m i s s i o n  s h o u l d  be  p lanned  by s p e c i f y i n g  t h e  minimum ob- 
j e c t i v e s  f o r  a g i v e n  s i t e ,  which i f  t h e y  are  n o t  met ,  t h e  d e c i -  
s i o n  t o  f l y  t o  t h a t  p a r t i c u l a r  s i t e  w i l l  be r e c o n s i d e r e d .  

Some p r e v i o u s  a n a l y s e s  o f  ELM c a p a b i l i t y  p r e s e n t e d  
a t r a d e o f f  between l u n a r  s t a y  t i m e  and pay load  d e l i v e r e d  t o  
t h e  s u r f a c e .  However, t h i s  approach  does  n o t  r e f l e c t  t h e  
r e a l  r e q u i r e m e n t s  on s c i e n c e  m i s s i o n s .  The main r e a s o n  f o r  
l o n g e r  s t a y  t i m e  ( a t  l e a s t  d u r i n g  the  l u n a r  e x p l o r a t i o n  p h a s e )  
i s  t h a t  t h e r e  a re  more f e a t u r e s  to b e  e x p l o r e d  and more i n s t r u -  
ments  t o  be  p l a c e d .  Thus t h e  t r a d e o f f  i s  n o t  between pay load  
and s t a y  t i m e ;  b o t h  must i n c r e a s e  s i m u l t a n e o u s l y .  The problem 
i s  r e a l l y  t o  s t r i k e  a b a l a n c e  between t h e  weight  p e n a l t i e s  
a s s o c i a t e d  w i t h  t h e  a d d i t i o n a l  s t a y  t i m e ,  m o b i l i t y ,  and l a n d e d  
i n s t r u m e n t s .  

(1) An e x i s t i n g  m i s s i o n  p l a n n i n g  document t o  Hadley R i l l e  
c a l l s  f o r  4 EVA'S, 3 LFU s o r t i e s ,  3 days  s t a y  t i m e ,  and 5 k m  
m o b i l i t y  r a d i u s .  It a l s o  recommends a n  i n c r e a s e  i n  s t a y  t i m e  
t o  4 d a y s .  Only two of  t h e  LFU s o r t i e s  may have  t h e  5 km r a d i u s ;  
t h e  l a s t  LFU f l i g h t  must b e  c o n s t r a i n e d  t o  walk back c a p a b i l i t y .  
However, f u r t h e r  a n a l y s i s  o f  t h e  s t a y  t i m e  r e q u i r e d  i n  t h e  above 
document r e v e a l s  t h a t  3 days  may n o t  be s u f f i c i e n t .  P r e l i m i n a r y  
o p e r a t i o n a l  g u i d e l i n e s  p e r m i t  one EVA on t h e  f i r s t  and l a s t  days  
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on t h e  l u n a r  s u r f a c e  and two EVA'S on i n t e r m e d i a t e  d a y s ,  
P r e l i m i n a r y  o p e r a t i o n a l  g u i d e l i n e s  a l s o  r e q u i r e  some 
s p e c i f i c  a c t i v i t y  on t h e  f i r s t  EVA f o l l o w i n g  l a n d i n g .  
The a s t r o n a u t s  must f i r s t  i n s p e c t  t h e  v e h i c l e ,  p r e p a r e  
i t  f o r  a s c e n t ,  and c o l l e c t  a con t ingency  sample ,  It  w i l l  
b e  assumed t h a t  t h e y  w i l l  have s u f f i c i e n t  t i m e  t o  dep loy  
and check  t h e  two LFU's and p r e p a r e  them f o r  t h e  f i r s t  
f l i g h t  on t h e  same EVA, 

The second EVA, which must o c c u r  on t h e  n e x t  d a y ,  
w i l l  c o n s i s t  of an  LFU s o r t i e ,  The whole d u r a t i o n  of t h a t  
EVA w i l l  b e  d e d i c a t e d  t o  t h a t  s o r t i e .  When t h e  a s t r o n a u t  

u sed  whol ly  f o r  a n o t h e r  s o r t i e  s i n c e  on ly  one LFU i s  f u e l e d .  
Thus t h e  n e x t  EVA must b e  u t i l i z e d  f o r  r e f u e l i n g  o f  one LFU, 
f o r  deployment of  ALSEP, and p r e p a r a t i o n  f o r  sample r e t u r n  
from a l l  f u t u r e  s o r t i e s ,  That would c u t  t h e  e x t r a  t i m e  which 
must b e  s p e n t  on sample s o r t i n g  and packag ing  on t h e  l a s t  day .  

- - - L  ... ̂.^^ I-. ̂ .._ i ' t : t ,uii ia,  i i u v v c v c ; I ,  2 S C C ~ Z ~  Z'JL'l f , i ~ e  29  t h z t  c?ay ~ ~ n n n t .  he 

On t h e  t h i r d  day t h e  l a s t  two LFU s o r t i e s  may b e  
c i r r i e c j  act. :Sj.nr~ t.he v e r y  l 8 s t  one i s  l i m i t e d  t o  a walk 
back  r a n g e ,  t h e  second a s t r o n a u t  c o u l d  u t i l i z e  t h e  EVA t i m e  
t o  c o n t i n u e  sample r e t u r n  packag ing  from p r e v i o u s  s o r t i e s .  

After t h e  l a s t  LFU s o r t i e  i s  comple t ed ,  t h e  a s t r o -  
n a u t s  would have t h e i r  r e s t  p e r i o d ,  Fo l lowing  t h a t ,  a s h o r t  
EVA f o r  a l a s t  check of t h e  a l ignmen t  o f  t h e  ALSEP e x p e r i m e n t s  
and l a s t  s o r t i e  sample packaging  i s  c a r r i e d  o u t ,  Ascent  f o l l o w s  
i m m e d i a t e l y ,  

The t o t a l  s t a y  t ime i s  t h r e e  and one h a l f  d a y s ,  We 
t h e r e f o r e  conc lude  t h a t  a r e a l i s t i c  t i m e  s c h e d u l e  f o r  a 3 s o r t i e  
m i s s i o n  i s  one h a l f  day longe r  t h a n  recommended by m i s s i o n  
p l a n n i n g  e x e r c i s e s ,  

RADIUS OF OPERATIONS 

I n  most c a s e s  t h e  r a d i u s  of m o b i l i t y  r e q u i r e d  f o r  
s c i e n c e  m i s s i o n s  i s  a f u n c t i o n  of  t h e  l a n d i n g  a c c u r a c y ,  or 
v i c e  v e r s a ,  t h e  r e q u i r e m e n t  on t h e  l a n d i n g  a c c u r a c y  i s  a 
f u n c t i o n  of  t h e  r a n g e  of  t h e  m o b i l i t y  s y s t e m ,  S i n c e  t h e  
r a n g e  o f  t h e  m o b i l i t y  sys tem can  b e  i n c r e a s e d  on ly  a t  t h e  
c o s t  o f  a d d i t i o n a l  pay load  d e l i v e r y  c a p a b i l i t y  t o  t h e  s u r f a c e ,  
w e  p r e f e r  t o  c o n s i d e r  t h e  second t r a d e o f f ,  and t o  d e f i n e  a 
l a n d i n g  a c c u r a c y  r e q u i r e m e n t  which would minimize t h e  m o b i l i t y  
needed  d u r i n g  t h e  m i s s i o n ,  T h i s  d i r e c t i o n  i s  a l s o  imposed b y  
"wa lk ing  m i s s i o n s "  where t h e  l a n d i n g  a c c u r a c y  i s  d e f i n e d  b y  
t h e  v e r y  l i m i t e d  r a n g e  of a wa lk ing  a s t r o n a u t .  
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A s  s t a t e d  p r e v i o u s l y ,  m i s s i o n  p l a n n i n g  e x e r c i s e s  (1) 

However, F ,  El-Baz ( 3 )  c a l l e d  f o r  a 5 km r a d i u s  of  m o b i l i t y ,  
s t a t e s  t h a t  many s i t e s  cou ld  n o t  be  p r o p e r l y  e x p l o r e d  u n l e s s  
a 1 0  km r a n g e  was a v a i l a b l e ,  Two examples  f o r  a n  ex tended  
r a n g e  r e q u i r e m e n t  were c i t e d :  

1. Dionys ius  s i t e ,  where t h e  l a n d i n g  must be e x e c u t e d  
i n  t he  mare and an  e x a m i n a t i o n  of t h e  c r a t e r ' s  r i m  
i m p l i e s  a 1 0  km m o b i l i t y  r a d i u s ,  

2 .  South of  Alexander ,  where a g a i n  t h e  l a n d i n g  must 
occur  i n  t h e  mare b u t  examina t ion  of t h e  h i g h l a n d  
voicar i ic  area i i i i p l i e s  d 10 kiii Z i a b i l l t j i  i-aiiiiia. 

A minimum of  50 l b s  of samples  must be  c a r r i e d  back  t o  t h e  ELM. 
But t h a t  i s  n o t  t h e  l i m i t i n g  f a c t o r  on t h e  m o b i l i t y  s y s t e m .  
The l i m i t i n g  f a c t o r  i s  t h e  r e s c u e  r a d i u s ;  t h a t  i s ,  f l i g h t  i n  
one d i r e c t i o n  w i t h  one man only  and r e t u r n  w i t h  two men. 
D .  R .  V a l l e y  ( 4 )  es t imates  t h e  r a d i u s  of  o p e r a t i o n  of  t h e  LFU's 
z ~ n t i c n e c ?  hele!~! tc h e  7 - 7  k m  w i t h  the r e s c u e  m i s s i o n  as a r a n g e  
c r i t e r i o n .  H e  a l s o  s t a t e d  t h a t  400  l b s  of  f u e l  would be s u f f i -  
c i e n t  ( w i t h  t h e  same LFU) f o r  a 1 0  k m  r e s c u e  r a n g e .  

We assume t h a t  only one s o r t i e  t o  1 0  km r a n g e  would 
b e  e x e c u t e d ,  and on ly  t h e  s t a n d b y ,  r e s c u e  LFU needs  t h a t  much 
f u e l .  I n  f a c t  i t  may n e v e r  have t o  f l y  t h a t  d i s t a n c e  and no  
a d d i t i o n a l  f u e l  may be  n e c e s s a r y .  A l l  t h a t  i s  n e c e s s a r y  i s  
t h e  c a p a b i l i t y ,  i . e . ,  t h e  t ank  c a p a c i t y .  Thus t h e r e  i s  a l m o s t  
no impact  on t h e  r e q u i r e d  landed  p a y l o a d .  

L A N D I N G  ACCURACY 

Each s c i e n c e  s i t e  i s  a s s o c i a t e d  w i t h  a number of  
p a r t i c u l a r  f e a t u r e s  which m u s t  b e  v i s i t e d  d u r i n g  t h e  m i s s i o n  
i n  o r d e r  t o  make i t  s c i e n t i f i c a l l y  wor thwhi l e .  Two t y p e s  o f  
m i s s i o n s  shou ld  be  c o n s i d e r e d :  

1. A "walking" m i s s i o n ,  where t h e  f e a t u r e s  of  i n t e r e s t  
a re  n e a r  e a c h  o t h e r  and no m o b i l i t y  a i d s  are neces -  
s a r y  ( o r  a v a i l a b l e )  and 

2 .  Mis s ions  where t h e  i n t e r e s t i n g  f e a t u r e s  a re  d i s p e r s e d  
and m o b i l i t y  a ids  must be  u s e d .  

I n  b o t h  c a s e s ,  t h e  d i s p e r s i o n  of  t h e  f e a t u r e s  and 
t h e  m o b i l i t y  of  t h e  a s t r o n a u t s  ( w i t h  o r  w i t h o u t  a i d s )  d e f i n e  
a n  area i n  which t h e  LM must l a n d  and y e t  be  ab le  t o  accompl i sh  
t h e  m i s s i o n .  We w i l l  r e f e r  t o  t h a t  r e s t r i c t e d  area as t h e  
" p e r m i s s i b l e  f o o t p r i n t " .  However, t h e r e  i s  no g u a r a n t e e  t h a t  
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t h e  whole " f o o t p r i n t "  w i l l  be a d e q u a t e  for l a n d i n g .  Some 
of t h e  t e r r a i n  i n c l u d e d  w i t h i n  t h e  f o o t p r i n t  may b e  t o o  
rough f o r  a safe  l a n d i n g .  Thus, w e  must f u r t h e r  r e s t r i c t  
t h e  l a n d i n g  t o  t h e  l a r g e s t  a r e a  f r e e  of  dange rous  o b s t a c l e s  
which i s  i n c l u d e d  w i t h i n  t h e  " p e r m i s s i b l e  f o o t p r i n t " .  T h i s  
w i l l  be c a l l e d  t h e  " l a n d i n g  a r e a " .  

Fo r  t h e  pu rpose  o f  d e t e r m i n a t i o n  of t h e  r e q u i r e d  
l a n d i n g  a c c u r a c y ,  we assume t h a t  t h e  LFU i s  p e r m i t t e d  t o  
r a n g e  5 km from t h e  ELM and a wa lk ing  a s t r o n a u t  o n l y  1 . 5  km. 

A memorandum b y  D .  R .  V a l l e y  (5) i n c l u d e s  a n  a n a l -  

s o r t i e  d e s i g n  leads t o  a d e f i n i t i o n  o f  t h e  " p e r m i s s i b l e  f o o t -  
p r i n t "  for t h e  m i s s i o n  ( F i g u r e  1) .  The t e r r a i n  e n c l o s e d  i n  
t h i s  f o o t p r i n t  i s  rough and t h e  l a r g e s t  a r e a  o f  smooth t e r r a i n * ,  
n e a r  t h e  c e n t e r  o f  t h e  " f o o t p r i n t " ,  i s  a p p r o x i m a t e l y  1 , 0 0 0  f t  
i n  r a d i u s .  

y s i s  uf '  d i r i i a s i i I 1  tu ac ie i ice  a i i e  i i d d i e y  E i l l e .  r n r  i i i i .  b e s t  

A wa lk ing  m i s s i o n  t o  t h e  l e d g e  on t h e  n o r t h e r n  wa l l  

A " p e r m i s s i b l e  f o o t p r i n t "  can  b e  d e f i n e d  as t h a t  

of C o p e r n i c u s  XGLS analyzcd azd t h c  f c z t z r e z  cf i n t e r e s t  d e t e r -  

mined. (6) 
area which i s  w i t h i n  1.5 km o f  each  o f  t h e  f e a t u r e s  of  i n t e r e s t .  
The f a r t h e s t  f e a t u r e s  on t h e  l e d g e  a re  a p p r o x i m a t e l y  2 km a p a r t .  
Tha t  d e f i n e s  a " f o o t p r i n t "  w i t h  a r a d i u s  of  o n l y  .5 km o r  1,700 
f t  ( F i g u r e  2 ) .  

I f  t h e  wa lk ing  range  i s  o n l y  1 k m ,  t h e  m i s s i o n  w i l l  
have t o  be  r e e v a l u a t e d ,  a i d e d  b y  a n  LFU, or t h e  l a n d i n g  a c c u r a c y  
r e s t r i c t e d  t o  a v e r y  small r a d i u s .  

Pho tographs  of  t h e  a r e a  a round a s i t e  i n  t h e  S c h r t r t e r ' s  
V a l l e y  area (6) were i n s p e c t e d  w i t h  r e f e r e n c e  t o  a n  approx ima te  
LFU s o r t i e  a n a l y s i s .  The t e r r a i n  i n  t h e  " f o o t p r i n t "  was found 
t o  b e  rough  and no c i r c l e  l a r g e r  t h a n  1 , 0 0 0  f t  r a d i u s  of smooth 
t e r r a i n  c o u l d  b e  found ( F i g u r e  3 ) .  

To summarize,  an e r r o r  c i r c l e  o f  1 , 0 0 0  f t  r a d i u s  3a 
s h o u l d  be c o n s i d e r e d  as a c c e p t a b l e  f o r  s c i e n c e  m i s s i o n s  u n l e s s  
r i g o r o u s  a n a l y s i s  o f  t h e  t e r r a i n  roughness  shows t h a t  t h e  r a d i u s  
s h o u l d  b e  r e s t r i c t e d  f u r t h e r .  

8 
The l a n d i n g  area was chosen b y  i n s p e c t i n g  O r b i t e r  V h i g h  

r e s o l u t i o n  pho tography .  No a n a l y s i s  was made. The o n l y  c r i t e r i o n  
was t h a t  t h e  l a n d i n g  a r e a  appeared smooth enough f o r  l a n d i n g .  
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P A Y L O A D  DELIVERY CAPABILITY 

The pay load  d e l i v e r y  c a p a b i l i t y  o f  t h e  ELM s h o u l d  
r e a l l y  b e  t h e  o u t p u t  of a l l  t h e  t r a d e o f f s  a s s o c i a t e d  w i t h  
l a n d i n g s  a t  s c i e n c e  s i t e s .  I t  i s  a f u n c t i o n  o f  t h e  m i s s i o n  
p r o f i l e ,  a s c e n t  and d e s c e n t  t r a j e c t o r i e s ,  and l u n a r  s t a y  
t i m e ,  and i s  governed by t h e  amount of  f u e l  a v a i l a b l e  i n  t h e  
d e s c e n t  and a s c e n t  s t a g e s  o f  t h e  ELM. I n  t h e  f o l l o w i n g  s t u d y ,  
however,  t h e  pay load  n e c e s s i t a t e d  by a t y p i c a l  s c i e n c e  m i s s i o n  
i s  de te rmined  f i r s t ,  imp ly ing  t h e  AV a v a i l a b l e  f o r  t h e  des- 
c e n t  and a s c e n t  maneuvers .  The. assumpt ion  i s  t h a t  a t r a j e c t o r y  
s a t i s f y i n g  t h e  AV c o n s t r a i n t s  w i l l  be  d e v e l o p e d .  

The f o l l o w i n g  assumpt ions  w i l l  b e  made: 

1. 

2 .  

3. 

4. 

5. 

6. 

7 .  

0 .  

9 .  

10. 

11. 

The l u n a r  s t a y  t ime of a " s c i e n c e  m i s s i o n "  i s  3 .5  
d a y s .  S t a y  t i m e  may be t r aded  o f f  a g a i n s t  d e l i v e r e d  
p a y l o a d .  

Two Lunar F l y i n g  Un i t s  (LFU'S) must be l a n d e d .  

F u e l  s u f f i c i e n t  f o r  two " l o n g  r a n g e "  s o r t i e s  and 
one " s h o r t  r ange"  must b e  p r o v i d e d .  The " s h o r t  
r a n g e "  s o r t i e  i m p l i e s  t h a t  t h e r e  w i l l  b e  no need 
for r e s c u e  c a p a b i l i t y  d u r i n g  t h e  l a s t  s o r t i e  and 
t h u s  on ly  t h r e e  LFU p r o p e l l a n t  c h a r g e s  must be  
p r o v i d e d .  

L i f e  s u p p o r t  f o r  an a d d i t i o n a l  2 . 0  days  s t a y  imposes 
a we igh t  p e n a l t y  of 350 l b s  ( t o t a l  s t a y  t i m e  3 . 5  d a y s ) .  

S c i e n c e  pay load  for advanced ALSEP i s  420  l b s ,  

CSM a c t i v e  rendezvous  w i l l  become t h e  p r imary  mode 
o f  o p e r a t i o n .  

The LM w i l l  b e  d e l i v e r e d  t o  a c i r c u l a r  o r b i t  5 0 , 0 0 0  f t  
above t h e  s u r f a c e ,  a s a v i n g  o f  'L 1 4 0  f p s .  

No e n g i n e  improvement i s  assumed.  ( T r a d e o f f s  between 
t h e  AV budget  and e n g i n e  I s p  improvements w i l l  b e  sum- 
mar ized  l a t e r . )  

No s a v i n g s  i n  LM weight  w i l l  b e  p o s s i b l e .  

The f i r s t  300 l b s  of f u e l  r e s i d u a l s  a r e  n o t  u s a b l e  for 
LFU f l i g h t .  

The a s c e n t  s t a g e  w i l l  c a r r y  a n  a d d i t i o n a l  1 2 0  l b s  of  
l u n a r  samples  and f i l m  t o  o r b i t .  
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1 2 .  An a d d i t i o n a l  125  l b s  of  equipment  i n  t h e  form of  
h o s e s  f o r  f u e l  r e s i d u a l  t r a n s f e r ,  a d d i t i o n a l  sample 
r e t u r n  c o n t a i n e r s ,  e t c .  w i l l  b e  c a r p i e d  to t h e  l u n a r  
s u r f a c e .  

The t o t a l  a d d i t i o n a l  weight  which must be d e l i v e r e d  
to t h e  Moon i s  1 ,595  l b s .  The breakdown i s  as f o l l o w s :  two 
LFU’s - 400  l b s ,  f u e l  f o r  t h e  LFU (assumed loaded  i n  t h e i r  
t a n k s )  6 0 0  lbs, s t a y  t ime  e x t e n s i o n  350 l b s ,  a d d i t i o n a l  equ ip -  
ment 125 lbs. S i n c e  300 l b s  a r e  a l r e a d y  p r o v i d e d  f o r  s c i e n c e  
p a y l o a d ,  o n l y  210  lbs are  added t o  t h e  weight  p e n a l t y .  

On t h e  o t h e r  hand,  270  l b s  o f  R C S  f u e l  are  saved  by  
CSM a c t i v e  r endezvous .  However t h e  n e t  i n e r t  weight  s a v i n g  
t o  t h e  a s c e n t  s t a g e  i s  on ly  150 l b s  s i n c e  an a d d i t i o n a l  120  
l b s  of  l u n a r  samples  and f i l m  a re  added p r i o r  to l i f t  o f f .  
The re  i s  a l s o  a s a v i n g  o f  1 3 0  l b s  o f  a s c e n t  f u e l  r e s u l t i n g  
from t h e  i n e r t  weight  s a v i n g s .  Thus t h e  a s c e n t  s t a g e  i s  
4 0 0  l b s  l i g h t e r  when d e l i v e r e d  to t h e  l u n a r  s u r f a c e ,  and t h e  
ELM i s  1 , 1 9 5  l b s  h e a v i e r  t han  t h e  Apo l lo  s y s t e m .  

The t o t a l  maximum weight  01’ r u e 1  ana  o x i a i z e r  l o a d e d  
on t h e  LM d e s c e n t  s t a g e  i s  1 7 , 9 6 9  l b s .  ( 7 )  Assuming t h a t  300 l b s  
of t h e  r e s i d u a l s  a re  unusable  and t h a t  t h e  f u e l  needed f o r  t h e  
l a s t  s o r t i e  i s  300 l b s ,  w e  p o s t u l a t e  t h e  l a n d e d  f u e l  weight  l e f t  
as r e s i d u a l s  to b e  600 lbs. Tha t  l e a v e s  17 ,370  l b s  f o r  t h e  
powered d e s c e n t  maneuver ,  The i n i t i a l  LM we igh t  i s  34,520 l b s  
and i t s  d e s c e n t  e n g i n e  I s p  i s  2 9 9 . 4  s e c o n d s .  

An i n c r e a s e  i n  eng ine  I s p  of  1 second p r o v i d e s  an 
a d d i t i o n a l  20 f t / s e c  AV f o r  t h e  powered d e s c e n t  or approx- 
i m a t e l y  70  l b s  i n c r e a s e  of t h e  i n i t i a l  LM weight  or approx-  
i m a t e l y  50  l b s  f u e l  s a v i n g  ( t r a n s f e r a b l e  to t h e  LFU). Each 
f t / s e c  saved  i n  t h e  powered d e s c e n t  w i l l  a l l o w  3 . 2  l b s  i n c r e a s e  
i n  t h e  i n i t i a l  LM w e i g h t .  

TERRAIN - TRAJECTORY REQUIREMENTS 

D e s p i t e  a l a r g e  number o f  s i m u l a t i o n s  o f  t h e  Apol lo  
t r a j e c t o r y ,  no d e f i n i t e  c r i t e r i a  were e s t a b l i s h e d  f o r  t h e  max- 
imum a l l o w a b l e  p i t c h  v a r i a t i o n s  or radar data  loss. T h e r e f o r e  
t h e r e  i s  no s imple  way to d e f i n e  t h e  r e q u i r e m e n t s  on t h e  t r a j e c -  
t o r y  - t e r r a i n  i n t e r a c t i o n  for s c i e n c e  s i t e s .  I n  a d d i t i o n ,  t h e  
r a t i o n a l e  f o r  t h e  e x i s t i n g  r e q u i r e m e n t s  on t h e  v i s i b i l i t y  phase 
i s  ra ther  vague and may have t o  be r e e v a l u a t e d .  
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Thus w e  s h a l l  a t t e m p t  t o  d e f i n e  t h e  gu idance  s y s t e m  
t h r o u g h  a s e t  o f  r e q u i r e m e n t s  on i t s  pe r fo rmance ,  i . e . ,  b y  
demanding a c e r t a i n  d e g r e e  of i n s e n s i t i v i t y  of  t h e  t r a j e c t o r y  
t o  t h e  t e r r a i n  under  i t .  We w i l l  f i r s t  d e f i n e  what t e s t s  t h e  
t r a j e c t o r y  must be ab le  t o  p a s s ;  and t h e n ,  t h e  t y p e  of t e r r a i n  
t o  which i t  must be  i n s e n s i t i v e .  

The t r a j e c t o r y  must have t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

1. The dead man's curve  w i l l  n o t  be c r o s s e d  u n t i l  t h e  
LM i s  approx ima te ly  2 0 0  f t  uprange  of  t h e  l a n d i n g  
s i t e .  

2 .  The LM must be a b l e  t o  l a n d  w i t h i n  1 , 0 0 0  ft o f  t h e  
nominal  touchdown p o i n t .  

3.  The t r a j e c t o r y  w i l l  p e r m i t  safe  l a n d i n g  w i t h i n  t h e  
r e q u i r e d  AV b u d g e t .  

4 .  The v i s i b i l i t y  phase must a l l o w :  

a .  V i s u a l  a s ses smen t  o f  t h e  s a f e t y  o f  t h e  t r a j e c t o r y  
s u f f i c i e n t l y  e a r l y  f o r  a b o r t  t o  be c a r r i e d  o u t ;  and 

b .  s h o r t  r a n g e  i n s p e c t i o n  o f  t h e  l a n d i n g  s i t e  which 
shou ld  b e  w e l l  o u t s i d e  t h e  washout r e g i o n .  The 
v i s i b i l i t y  phase must l a s t  l o n g  enough f o r  a n  
a c c u r a t e  r e d e s i g n a t i o n  t o  take p l a c e .  I f  v i s i -  
b i l i t y  i s  i n t e r m i t t e n t ,  t h e r e  must b e  a second 
p e r i o d  d u r i n g  which t h e  r e s u l t s  o f  t h e  f i r s t  
r e d e s i g n a t i o n  can be checked and c o r r e c t e d .  

Dur ing  t h e  f l i g h t ,  t h e  gu idance  sys t em must be  able  
to f l y  t h e  LM o v e r  t h e  t y p e  o b s t a c l e s  d e t a i l e d  below, s u p e r -  
imposed upon a lo s l o p e  u n c e r t a i n t y :  

1. Pass o v e r  a 4 , 0 0 0  f t  d r o p  1 0  km uprange  from t h e  
l a n d i n g  s i t e .  ( H a d l e y  R i l l e  - F i g u r e  1) 

2 .  Pass o v e r  a 1,500 f't deep  c r a t e r  whose n e a r  r i m  i s  
8 k m  from t h e  l a n d i n g  s i t e .  (Hyginus R i l l e  - F i g u r e  4) 

3 .  F l y  o v e r  a n  a v e r a g e  s l o p e  of 4% f o r  t h e  l a s t  10-15 
km o f  t h e  t r a j e c t o r y .  ( S c h r o t e r ' s  V a l l e y  - F i g u r e  5) 

4. Pass over  a d r o p  of 2 , 5 0 0  f t  anywhere from 5 t o  1 8  km 
from t h e  l a n d i n g  s i t e .  ( C o p e r n i c u s ,  n o r t h e r n  wal l  - 
F i g u r e  6 )  
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These obstacles must be overflown with any reasonable 
combination of initial conditions and IMU errors, DPS and slope 
uncertainties, without violating the safety, accuracy, AV and 
visibility constraints. 

The problems associated with these obstacles may 
become more severe in the context of the terrain variations 
preceeding or following it. However, since the analysis of 
the terrain for science sites has not been carried out, there 
is no way at present to more accurately specify the require- 
ments on the guidance system. 

CON CLU S i  ONS 

The work presented here is at best incomplete and 
provides only a rough indication of the guidance and naviga- 
tion problems associated with LM landing at science sites. 

The author proposes that an approximate reduction 
of lunar photographs of the science site areas and the approach 

would enable the determination of the exact landing areas in 
each science site, and the terrain-trajectory interaction when 
approaching it. This In turn would aid in defining an exact 
set of requirements on the guidance and navigation system. 

L------*.- & -  +&-- hn nqnniai i  n r r +  oc1 sssfi 9 s  p n s s i h l ~ .  This work 
b c i . i . a i i i  CIU ~ L L L I I L  UL vuII v _ v  uL 

Further work is also necessary on the definition of 
"walking mission" range and the permissible range of the last 
LFU sortie. 

The ELM capability requirements as stated above are 
in a sense functions of the assumed ELM capability. There is 
a definite need for replanning a typical ELM mission basing it 
not on assumed ELM capability but on the minimal scientific 
objectives. Only then will it be possible to rationally plan 
the requirements on ELM landing. 

The additional weight of the ELM and the additional 
burns the CSM must perform t o  deliver the ELM to a 5O,OOO ft 
circular orbit and to rendezvous will seriously affect the 
capability to do orbital experiments. This is especially so 
since the critical shortage is probably in CSM RCS fuel, and 
the above mentioned maneuver may have to be performed with 
the R C S .  The answer may be found by stressing the CSM capa- 
bilities on some missions and the ELM'S capability on others. 

2015-IS-acm I. Silberstein 
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